The ab initio structures of 2,7,9-tricarboxypyrroloquinoline quinone (PQQ), semiquinone (PQQH), and dihydroquinone (PQQH2) have been determined and compared with ab initio structures of the (PQQ)Ca 2؉ , (PQQH)Ca 2؉ , and (PQQH2)Ca 2؉ complexes as well as the x-ray structure of (PQQ)Ca 2؉ bound at the active site of the methanol dehydrogenase (MDH) of methyltropic bacteria. Plausible mechanisms for the MDH oxidation of methanol involving the (PQQ)Ca 2؉ complex are explored via ab initio computations and discussed. Considering the reaction of methanol with PQQ in the absence of Ca 2؉ , nucleophilic addition of methanol to the PQQ C-5 carbonyl followed by a retro-ene elimination is deemed unlikely due to large energy barrier. A much more favorable disposition of the methanol C-5 adduct to provide formaldehyde involves proton ionization We have had an extended interest in the chemistry of 2,7,9-tricarboxypyrroloquinoline quinone (pyrroloquinoline quinone, PQQ, and the older name methoxatin) and the mechanism of amine oxidation by PQQ (Structure 1) (1-5).
Methanol dehydrogenase (MDH; EC 1.1.99.8) is a quinoprotein that requires Ca 2ϩ as well as PQQ cofactor (6) (7) (8) for activity in the oxidation of methanol to formaldehyde (9) (10) (11) (12) (13) (14) (15) . Three-dimensional structures of MDH from methylotropic bacteria have been solved independently by two groups (16) (17) (18) (19) . These crystal structures provide detailed information regarding the interaction between PQQ and MDH (13) (14) (15) (16) (17) (18) (19) . According to these crystal structures, Ca 2ϩ binds to PQQ through N-6, C-5 carbonyl oxygen, and C-7 carboxylate. Protein Glu and Asn side chains occupy the remaining Ca 2ϩ coordination sites. The protein structure must be responsible for ligation of Ca 2ϩ to the N-6, C-5 carbonyl oxygen, and C-7 carboxylate functions of PQQ. Thus, in water the ligating agent ␣-picolinate (pyridine-2-carboxylate) has little affinity for Ca 2ϩ , whereas transition metals are ligated by the pyridine nitrogen and carboxylate oxygen. The role of Ca 2ϩ has been assumed to be structural, although there have been persistent speculations (13) (14) (15) that it may also play a catalytic role. Indeed, a recent study by Itoh et al. (20) has undoubtedly demonstrated a catalytic role for Ca 2ϩ in a model system. Their study revealed that the trimethyl ester of PQQ (PQQ-TME) is capable of oxidizing methanol to formaldehyde in anhydrous acetonitrile when treated with Ca(ClO 4 ) 2 in the presence of an organic base (20) . In these experiments the outer sphere ClO 4
Ϫ ligand and aprotic solvent should enhance the complexing ability of the Ca 2ϩ catalyst. On the other hand the carboxyl groups of PQQ-TME should have little affinity for Ca 2ϩ .
A number of possible mechanisms have been proposed for MDH over the years (13) (14) (15) . Several of these proposed mechanisms have been proved to be invalid when the x-ray crystal structures became available. Two frequently mentioned mechanisms are shown in Scheme 1. The first mechanism involves a general base (Asp-303-CO 2 Ϫ ) catalyzed addition of methanol to the PQQ carbonyl group at C5 followed by a retro-ene reaction and the second mechanism involves general base (Asp-303-CO 2 Ϫ ) catalyzed proton abstraction concerted with hydride transfer. The retro-ene reaction in the first mechanism is not expected to be facile. Thus, retro-ene reactions are normally extremely slow and are generally carried out at high temperature (21, 22) .
In this study we provide a theoretical approach to evaluate the role of Ca 2ϩ in the catalytic mechanism of MDH using an active site model based on the coordinates of the PQQ͞Ca 2ϩ ͞ MDH structure. In the course of the study we investigated the structure of PQQ in its different oxidation states and how its structure and conformation change in the presence of Ca 2ϩ .
THEORETICAL PROCEDURE
All ab initio and semiempirical molecular orbital calculations were carried out using the Guassian 94 program (23) . For the ab initio calculations, geometry optimizations were performed at the Hartree-Fock (HF) level with two different basis sets [3-21G(d) and 6-31G(d)]. For radicals, the unrestricted HF (24) method was employed. Semiempirical molecular orbital calculations were done using the PM3 (25) Hamiltonian; these calculations were carried out to provide reasonable initial geometries for the ab initio molecular orbital calculations. The fully reduced PQQ is designated as PQQH2 (dihydroquinone PQQ) and the semiquinone PQQ is called PQQH.
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The reaction of PQQ with methanol was examined prior to studies of the effect of Ca 2ϩ on this reaction. In following calculations, only PQQ, methoxide, and Ca 2ϩ were included, and the protein ligands around Ca 2ϩ were not included. As a result, the calculated energetics are only approximate. A larger and more accurate active site model would have to include the protein ligands and some of the polar groups in the active site, which is presently not treatable by high level ab initio molecular orbital theory. However, the essential chemistry should be valid even with the small active site model.
RESULTS AND DISCUSSION
Conformation of PQQ. PQQ is very susceptible to nucleophilic attack and it readily forms adducts with acetone, alcohols, and other compounds. The first crystallographic study was actually on PQQ-acetone adduct, not on PQQ itself (6) . Later on, it was possible to get crystals of Na ϩ and K ϩ salts of PQQ (26, 27) . Crystallographic studies with the salts have shown that the tricylic ring of PQQ is planar; the three carboxylate groups can be either coplanar with the ring or twisted out of the plane. In these crystals, PQQ forms extended hydrogen bonding and metal ion coordination networks, and each layer of PQQs stacks nicely on top of each other. As a result, it is not clear whether the observed planarity of the tricyclic ring is an inherent property of PQQ itself or a manifestation of crystal packing forces. Further, there is scarce information concerning the structure of PQQH radicals and the reduced PQQ. To address this issue, we examined the structures of PQQ in different oxidation states using ab initio molecular orbital theory at the HF͞6-31G(d) level. The optimized geometries and the calculated electronic energies are given in Fig. 1 and Table 1 , respectively.
As revealed by Fig. 1 , the free PQQ is not completely planar. There is small distortion in the tricyclic ring. The C-4 and C-5 carbonyl oxygens of PQQ are slightly twisted out of plane to alleviate repulsive interactions. There is a good hydrogen bond between the N1-H and the carbonyl oxygen at C-9. Two of the three carboxyl groups, C-2 and C-7 carboxyl groups, are coplanar with the rings, but the C-9 carboxyl group is twisted out of the pyridine ring by about 28°. Because these carboxyl groups are connected to the ring system through COC single bonds, it would not be energetically very costly for these carboxyl groups to move out of the tricyclic ring plane. Therefore, the carboxyl groups can be either coplanar or twisted out of plane depending on the environment. In the crystal structure of MDH (16, 17) and the crystal structures of PQQ-Na ϩ and PQQ-K ϩ salts (26, 27) , the C-2 and C-7 carboxyls are indeed coplanar with the tricyclic ring and the C-9 carboxyl is twisted out of plane. However, in a crystal structure of PQQ(H 2 O) (monohydrate of PQQ) (27) carboxyl group appears to be coplanar with the tricyclic ring system. As indicated by the calculated geometrical parameters, the two quinone carbonyl groups are not well conjugated with either the pyrrole or the pyridine ring while the adjacency of the pyrrole ring decreases the electron density of the quinone. As a result, these two quinone carbonyls are very reactive. Based on the geometrical parameters, the C-5 carbonyl is expected to be more active than the C-4 one, in agreement with experimental observation (13-15, 28, 29) that C-5 adducts are favored at neutral pH. However, owing to the resonance contribution as shown in Scheme 2, the C-4 carbonyl oxygen is more basic than the C-5 carbonyl oxygen; therefore, under acidic condition, formation of the C-4 adduct would be preferred as observed experimentally (29) . We also calculated the energy difference between the two PQQmethanol adducts (C-5 and C-4 adducts) with the C-5 adduct being favored by only 0.9 kcal͞mol at the HF͞6-31G(d) level of theory. Semiempirical molecular orbital calculations give a larger energy difference with the C-5 adduct being favored (29) . The radical anion of PQQ is also planar. Semiquinone Radical (PQQH). As shown in Fig. 1 , the unrestricted HF͞6-31G(d) optimized structure of neutral semiquinone radical is planar. According to our calculation, the spin density is distributed over the entire tricyclic ring. Although no direct structural information is available for PQQH, early ESR studies indicated that the spin density is distributed over the tricyclic ring, implying planarity (4, 30) . Replacement of the 9-carboxyl group by a hydrogen did not alter the spin density significantly (4), which seems to suggest that the spin density on the 9-carboxyl group in PQQH is very small. However, in a recently solved x-ray crystal structure of MDH by Ghosh and coworkers (18, 19) , they reported that PQQH is present in the active site and the C-4 carbonyl oxygen of PQQH appeared to be bent out of plane of the tricyclic ring. This finding is surprising because one would expect stronger repulsion between the quinone carbonyls in PQQ than in PQQH. In isolated PQQ, the C-4 carbonyl oxygen atom is only slightly out of the ring plane as shown by our calculations. In the x-ray crystallographic study of MDH from another source, it was found that PQQ in the active site is planar (16, 17) . Our calculation gave essentially a planar semiquinone radical even in the presence of the Ca 2ϩ (see below for further discussion). Presently, it remains an unanswered question as to why in the x-ray crystal structure by Ghosh and coworkers (18, 19) , the C-4 carbonyl oxygen is out of plane. PQQ is a reactive compound and it has been shown that MDH can be easily contaminated during purification (31) . Whether the unusual structure is caused by contamination or other factors remains to be seen.
PQQH2. PQQH2 is an aromatic compound and the tricyclic ring is expected to be planar. Indeed, in the HF͞6-31G(d) optimized structure of PQQH2, the tricyclic ring is planar (see Fig. 1 ). Carboxyl groups at C-2 and C-7 are coplanar with the ring, but the C-9 carboxyl is twisted out of plane by 22°. The most significant change in bond length involves the C4-C5 bond, which is a single bond in PQQ, but a double bond in PQQH2.
Effect of Ca 2؉ . The metal ion binding site in PQQ and its derivatives is defined by C-5 carbonyl oxygen, pyridine nitrogen, and the C-7 carboxyl oxygen. The requirement for C-7 carboxyl was confirmed by the inability of 7-decarboxyl PQQ to bind metal ion (3). To examine the geometrical perturbation caused by the presence of Ca 2ϩ , we optimized the metal ion bound PQQ, PQQH, and PQQH2 using HF͞3-21G(d) level of theory. The calculated structures are shown in Fig. 2 . PQQ, PQQH, and PQQH2 are all planar. Deprotonation of C-7 carboxyl does not change the conformation of PQQ, PQQH, and PQQH2. The binding of Ca 2ϩ introduces some changes to the structures. As seen from Fig. 2 , the distances between Ca 2ϩ and its ligands change as the oxidation state of PQQ changes. In PQQ, the Ca 2ϩ -O5, Ca 2ϩ -N, and Ca 2ϩ -O7a are 2.297 Å, 2.466 Å, and 2.362 Å; the corresponding values are 2.266 Å, 2.425 Å, and 2.368 Å in PQQH. In the reduced PQQH2 form, these distances are 2.332 Å, 2.379 Å, and 2.391 Å, respectively. Removal of the proton from the C-7 carboxyl group does not change the conformations (data not shown).
Reaction of PQQ with Methanol. Because PQQ forms adducts easily with a number of compounds such as acetone and alcohols, it has been generally believed that the first step in the reaction of PQQ with methanol is the formation of a PQQ-methanol adduct. The decomposition of this adduct would give rise to PQQH2 and formaldehyde via a retro-ene reaction. First, we examined this pathway. The transition state for this retro-ene reaction (7) was located at the HF͞3-21G(d) level of theory (Fig. 3) . Because it is known that the inclusion of electron correlation effect is important for correct estimation of the reaction barriers for retro-ene and ene reactions (21), we also carried out energy calculations using a hybrid density functional theory [B3LYP͞3-21G(d)]. The estimated barrier at B3LYP͞3-21G(d) is about 33.0 kcal͞mol. The structure of the transition state for the retro-ene reaction looks normal. The breaking COO distance is 1.9251 Å and the forming OOH distance is 1.2386 Å (7, Fig. 3 ).
In the laboratory, retro-ene reactions are normally very slow and only occur at high temperature (21, 22) . It is unclear how methanol dehydrogenase could employ such a mechanism. However, it was demonstrated many years ago that the product of alkoxide addition to a carbonyl function could undergo a rapid pericyclic reaction (32, 33) . Evans and Golob (32) showed that rate accelerations of 10 10 -10 17 can be easily accomplished by simple deprotonation of alcohol adducts of carbonyl functions. Furthermore, they also demonstrated that the acceleration in rate depends on the counter ion present and maximum acceleration is achieved when the counter ion is removed. It should be pointed out that, owning to the presence of Ca 2ϩ in the active site of MDH, we do not expect to see such great rate enhancement as these should such a mechanism be in effect. Can such a mechanism be operative in MDH catalyzed reaction? To test this possibility, we examined the reaction of the deprotonated PQQ-methanol adduct. Fig. 3 displays the calculated transition state for such a process. The transition state (8) is very different from the transition state (7) for the decomposition of the neutral PQQ-methanol adduct. In 8, the C5OO distance is much longer (2.3986 Å vs. 1.9251 Å); the transition state looks much like a transition state that one would expect for a direct hydride transfer from methoxide to the C-4 carbonyl oxygen of PQQ. The calculated barrier for this reaction is about 10.5 kcal͞mol. Indeed, the alkoxide substituent could provide an enormous driving force for the breakdown of PQQmethoxide adduct. The caveat to this proposal is how to generate methoxide in the active site of MDH given that the only base available is the weakly basic carboxylate of Asp-303.
Catalytic Mechanism of MDH.
A reasonable mechanism would involve a ground state with the CH 3 OH substrate ligated to the Ca 2ϩ center of the Ca 2ϩ ͞PQQ͞MDH complex. Ligation of H 2 O to Ca 2ϩ results in a decrease in its pK a from 15.5 to 12.7. A similar modest decrease in pK a of CH 3 OH would be expected in the CH 3 (H)O-Ca 2ϩ ͞PQQ͞MDH complex. This should assist in lowering the rate constant by several orders of magnitude for the Asp-303-CO 2 Ϫ general base removal of the methanol proton in a reaction concerted with hydride transfer (Scheme 3). In such a reaction the carboxylate to proton bond formation should be late to provide the driving force for hydride transfer. The late transition state for the proton transfer is akin to starting with a ground state of structure CH 3 O Ϫ ͞Ca 2ϩ ͞PQQ͞MDH. The latter complex could exist either as a Ca 2ϩ bound methoxide (9) or a C-5 covalent adduct (10) . According to the present calculations, 9 is more favored by 9.6 kcal͞mol. Starting with either 9 or 10, the transition state connecting the reactant to the product was searched. Surprisingly, both converged to the same transition state. The transition state structure is shown in Fig. 4 . In the transition state (11), Ca 2ϩ coordinates to both C-5 carbonyl oxygen and the methoxide oxygen. The barrier from 9 to 11 is about 28.1 kcal͞mol at B3LYP͞3-21G(d) level of theory; the barrier from 10 to 11 is about 18.5 kcal͞mol at the same level of theory. Metal ion-assisted hydride transfer is known for several enzymatic reactions such as horse liver alcohol dehydrogenase where a Zn 2ϩ ion is involved (34) . in lowering the pK a of ligated alcohol is, of course, more pronounced than that seen with Ca 2ϩ ion. The proposed formation of alcohol-metal ion complex is consistent with experimental observation of formation of a C-5 propanal adduct of PQQ when MDH is treated with cyclopropanol (35) . General-base deprotonation of the hydroxyl group of the initially formed cyclopropanol-Ca 2ϩ complex by an active site Asp, results in an apparently concerted ring opening forming the C-5 propanal adduct.
One may argue that the initially formed Ca 2ϩ -methanol complex could convert to a covalent PQQ-methoxide adduct via a general-base proton abstraction by active site Asp-303 concerted with nucleophilic attack at C-5 carbonyl carbon. However, the formation of such a covalent PQQ-methoxide adduct is probably counterproductive because, as shown from our calculations, both the direct hydride transfer and the decomposition of the covalent PQQ-methoxide adduct seem to go through the same transition state (11) to form formaldehyde. Therefore, we prefer the direct hydride transfer process.
Another possible mechanism worthy of comment is shown in Scheme 4. A similar mechanism is operative in amine oxidation (1, 2, 5) . According to this mechanism, a C-5 covalent PQQ-methanol adduct is formed first during the catalytic reaction (pathway A in Scheme 4). Deprotonation of a methyl hydrogen by Asp-303 initiates an E2-type of elimination process. This possibility has not been ruled out. However, the pK a values of the hydrogens of the methoxy group are considerably higher than the pK a of Asp in the active site. In the case of amine oxidations, the hydrogen involved is an allylic hydrogen and its pK a is much lower; the resulting anion can also be stabilized by resonance. A kinetic study using isotopically labeled substrate (e.g., 18 O-labeled methanol) might provide useful information regarding the possible involvement of this mechanism. However, even if this possibility exists, the C-4 adduct should be preferred to the C-5 adduct because the Ca 2ϩ can assist the breakdown of the C-4 adduct (pathway B in Scheme 4).
CONCLUSIONS
The conformation of PQQ and the role of Ca 2ϩ in the catalytic mechanism of quinoprotein methanol dehydrogenase were examined using a quantum mechanical method. The tricyclic ring system of PQQ remains essentially planar (or very close to being planar) regardless of its oxidation state. The binding of Ca 2ϩ does not change this picture. The carboxyl groups at C-2 and C-7 positions are coplanar to the tricyclic ring; however the carboxyl group at C-9 position can be either coplanar or twisted out of the plane of the tricyclic ring. This is in agreement with experimental observations that the orientation of the carboxyl groups depends on the environment. The computed planar structure for PQQH contradicts a recently reported crystal structure of MDH in which one of the carbonyl oxygens of PQQH is out of the plane of the ring. Presently, it is unclear what is the cause of this discrepancy.
We also investigated the possible mechanistic pathways employed by methanol dehydrogenase and the role of Ca 2ϩ in the catalytic mechanism. Based on our theoretical study, a molecular level mechanism is proposed (Scheme 3). In this mechanism the quinoprotein methanol dehydrogenase catalyzed oxidation of methanol consists of the following steps: (i) association of methanol to active site Ca 2ϩ ; (ii) deprotonating Ca 2ϩ -bound methanol by an active site Asp in concert with; (iii) hydride transfer from Ca 2ϩ -bound substrate to the carbonyl at C-4 position and formation of a Ca 2ϩ bound formaldehyde; and (iv) releasing of formaldehyde from the active site of the enzyme. The catalytic role of PQQ complexed Ca 2ϩ is 3-fold: (i) modest reduction of the pK a of CH 3 -OH, (ii) polarizing the carbonyl group at the C-5 position of the PQQ moiety, and (iii) placing the reaction components in position to react. The proposed role of Ca 2ϩ is also in agreement with a recent study on strontium (Sr 2ϩ ) substituted MDH (36) . Similar mechanisms could also be operative in other quinoproteins such as other alcohol and glucose dehydrogenases.
